Neurotrophins, which include nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5), play important roles in the development of the peripheral and central nervous systems. These neurotrophins have several functions in cell survival, cell differentiation, cell proliferation, apoptosis and guidance of the outgrowth of neuronal processes. Neurotrophin function is mediated by the TRK family of tyrosine-kinase receptors (TRK-A, TRK-B and TRK-C).
Neuroblastoma (NB) is one of the common malignant solid tumors in childhood, arising from neural crest precursors. Recently, the clinical heterogeneity of NBs in patients has been revealed to be based on the diverse biological characteristics of these tumor cells. These characteristics include MYCN (N-myc) amplification, TRK-A expression and Ha-ras/TRK-A and TRK-B expressions.
Analysis of TRK family receptors in NB cells has shown that NB tumors with a favorable prognosis express high levels of TRK-A, whereas those with an unfavorable prognosis express low levels of TRK-A (or none) [1] [2] [3] [4] and high levels of TRK-B. 5, 6) NB cell lines established from patients with a poor prognosis sometimes expressed constitutive TRK-A, and seldom expressed constitutive TRK-B. 5, 6) In this study, an NB cell line, designated MP-N-TS, was established from a 2-year-8-month-old boy. MP-N-TS constitutively expressed both TRK-A and TRK-B receptors, which is rare for an NB cell line. By using this cell line, we attempted to determine whether these two TRK family receptors are functional, and to clarify the biological and clinical characteristics of the TRK-A and TRK-B signaling pathways in NB cells.
MATERIALS AND METHODS
Clinical history of the patient The patient was a 2-year-8-month-old Japanese boy who presented with anemia, right-exophthalmus and a small gingival tumor on December 28, 1994 . Clinical examination revealed a left upper abdominal mass, and computer-aided tomography of the abdomen showed a primary tumor arising from the left adrenal gland. High levels of the catecholamine metabolites, vanilmandelic acid and homovanillic acid, were identified in the patient's urine. Biopsy of the primary tumor led to the histological diagnosis of stage 4 NB without MYCN amplification. The patient was treated with chemotherapy consisting of a combination of cyclophosphamide, etoposide, doxorubicin and cisplatinum, followed by megatherapy with peripheral blood stem cell transplantation. Although complete remission was achieved, the patient died of brain metastasis in the right temporal lobe on September 7, 1996 . Cell culture A biopsy tumor sample for cell culture was obtained from the primary tumor prior to chemotherapy on January 4, 1995. Cells were cultured in RPMI 1640 containing penicillin (100 U/ml), streptomycin (100 µg/ml) and heat-inactivated fetal calf serum (FCS) (10%) at 37°C in a 5% CO 2 incubator. The medium was changed every 4 to 6 days. Cells were sub-cultured into new flasks by trypsinization when in a sub-confluent state. Thirteen NB cell lines (SMS-KCN, NB-1,  GOTO, SMS-KAN, IMR32, KP-N-YN, KP-N-TK, KP-N-YS, MP-N-MS, KP-N-HN, KP-N-RT, SJ-N-CG, and KP-N-SIFA) [7] [8] [9] and the rat pheochromocytoma cell line PC12 10) were cultured and used as controls. Neurotrophins NGF and NT-4/5 were kindly provided by Genentech, Inc. (South San Francisco, CA). BDNF was a gift of AMGEN, Inc. (Thousand Oaks, CA). Antibodies and reagent The agarose-conjugated antiphosphotyrosine (pTyr) antibody 4G10 and phosphatidylinositol 3-kinase (PI3-K) (UB93-3) were obtained from UBI (Upstate Biotechnology Inc., Lake Placid, NY). The anti-panTRK (sc-011), anti-extracellular signal-regulated kinase-1 (ERK-1) (sc-93), anti-extracellular signal-regulated kinase-2 (ERK-2) (sc-154) and anti-phospholipase C-γ1 (PLC-γ1) (sc-426) antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), anti-TRK-B (p145 and p95), anti-Src homologous and collagen (Shc) antibodies were obtained from Transduction Laboratories (Lexington, KY), and anti-Ras (NC-RAS004) was previously reported. 11) A stock solution of a tyrosine kinase inhibitor K252a (Calbiochem-Novabiochem Corp., La Jolla, CA) was dissolved in dimethyl sulfoxide. 12) RNA analysis Isolation of total cellular RNA and northern blot analysis were done as described previously.
Cell lines
8) The human TRK-A probe was a 2.7-kb fragment containing all of the coding region.
5) The human TRK-B probe was a 6.0-kb EcoRI fragment containing the entire region of fulllength TRK-B.
6) The human c-fos probe was a 2.1-kb EcoRI fragment of pSPT-fos cDNA. Immunoprecipitations and immunoblots Cells were seeded onto 100-mm Petri dishes 3 days prior to treatment with neurotrophins. The cells were incubated in serumfree RPMI medium for 2 h on the day of the experiments. For the K252a studies, cells were incubated with a concentration of 200 nM K252a for 30 min before the addition of neurotrophins, and were subsequently treated with neurotrophins at 37°C for various times from 0 to 60 min. At the end of incubation, the medium was quickly removed and 150 µl of 1% Nonidet P-40 lysis buffer (20 mM Tris pH 8.0, 137 mM NaCl, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 0.15 U/ml aprotinin, 20 µM leupeptin, 1 mM sodium vanadate) was added. The cells were scraped from the dishes, transferred to microtubes and sonicated for 1 min. After centrifugation for 20 min at 15 000g, the supernatants were used for immunoprecipitation after determination of the protein content (Bio-Rad, Hercules, CA). The volumes used were adjusted so that they each contained the same amount of protein. For the phosphotyrosine immunoprecipitation, the agarose-conjugated pTyr antibody was incubated with the lysates overnight and the immune complexes were collected by centrifugation. Agarose beads precoupled with pTyr antibody were washed 4 times with lysis buffer and the immune complexes were released by addition of 70 µl of Laemmli buffer, then the solution was boiled for 2 min. The immunoprecipitates were separated by sodium dodecyl sulfate polyacrylamide-gel electrophoresis (SDS-PAGE) (8%).
The proteins were transferred electrophoretically to nitrocellulose membranes. After blocking of nonspecific binding sites for 1 h at room temperature, the membranes were probed with antibodies. The immunoreactivity was detected after incubation with a peroxidase-labeled antispecies antibody using a non-isotopic chemiluminescent ECL detection system (Amersham, Arlington Heights, IL). The blots were stripped in 62.5 mM Tris-HCl pH 6.7 containing 100 mM 2-mercaptoethanol and 2% SDS for 30 min at 50°C and reprobed. Detection of total Ras and GTP-bound form of Ras Total Ras was determined by immunoblotting of total cell lysates with anti-Ras antibody. The activation of Ras was determined as the amount of the GTP-bound form of Ras. 13, 14) Briefly, cDNA of the minimal Ras-binding domain (RBD) of Raf1 (amino acids 51 to 131) was subcloned into the BamHI-EcoRI site of pGEX-2T in-frame. Glutathione S-transferase (GST)-RBD fusion protein production was induced in Escherichia coli by isopropyl-β-Dthiogalactopyranoside treatment. After sonication, the crude extract was subjected to SDS-PAGE, and GST-RBD fusion protein induction was confirmed by staining with Coomassie blue. The GTP-bound form of Ras was extracted from the total cellular lysate obtained from cultured cells on Petri dishes with lysis buffer (10 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X100, 5 mM MgCl 2 , 1 mM sodium vanadate) by incubation with the GST-RBD protein precoupled with glutathioneSepharose beads (Pharmacia AB, Uppsala, Sweden) for 1 h at 4°C. The beads were collected by centrifugation, washed with lysis buffer three times, boiled and subjected to SDS-PAGE. Immunoblotting was performed with a murine anti-Ras antibody. Immunoreactive proteins were visualized with an ECL detection system. Induction of morphological differentiation by neurotrophins Cells were plated onto 60-mm Petri dishes and cultured with RPMI 1640 with 10% FCS. After a 3-day culture period, the medium was replaced with RPMI 1640 with 1% FCS, and neurotrophins were added. The cells were cultured for 7 days, and 200 cells from at least 3 different regions were examined by inverted phase microscopy, and scored as morphologically differentiated, if they possessed one or more processes at least twice as long as the soma diameter.
15)
Cell viability test To quantify the viability of cells, a TetraColor One assay system (Seikagaku Corp., Tokyo) was used. In this assay, a highly water-soluble disulfonated tetrazolium salt, 4-[3-(2-methoxy-4-nitrophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzenedisulfonate sodium salt (WST-8), was used. This salt, which produces a highly colored formazan dye upon NADH reduction in the presence of 1-methoxy-5-methylphenazium methosulfate (1-methoxy PMS), can be used as a chromogenic reagent for NADH in cell viability or proliferation assay. 16, 17) One hundred microliters of adherent cells (10×10 3 or 20×10 3 cells) in the logarithmic phase was inoculated onto a 96-well microplate in triplicate, and the plate was pre-incubated with RPMI medium with 1% FCS for 24 h in a CO 2 incubator at 37°C. Neurotrophins were added to the wells in triplicate. After 4 days of incubation, a working solution containing WST-8 and 1-methoxy PMS was added to each well and the cells were incubated for an additional 2 h. The absorbance of each well was measured at 450 nm with a reference wavelength of 650 nm, using a microplate reader.
RESULTS

Establishment of the MP-N-TS neuroblastoma cell line
Tumor cells obtained from a biopsy sample from the left adrenal tumor grew in the form of an adherent monolayer. The growing spindle-shaped cells have been maintained for more than 70 passages over a 4-year period. This cell line, designated MP-N-TS, was identified as an NB cell line from the clinical features of the patient, and from the increased cellular dopamine and noradrenaline levels, and the result of surface-membrane analysis, as described previously. 7) MYCN was not amplified in MP-N-TS cells. Expression of TRK-A and TRK-B mRNA in NB cell lines Expression of TRK-A and TRK-B mRNA in the PC12 rat pheochromocytoma cell line, 13 NB cell lines and the MP-N-TS cell line was studied by northern blot analysis (Fig. 1 ). Of these cell lines, MP-N-TS cells expressed the highest level of TRK-B transcripts. Therefore, in the present study of signal transduction of TRK-A and TRK-B receptors, the MP-N-TS cell line was used.
Dose of neurotrophins inducing tyrosine phosphorylation of panTRK and TRK-B proteins in MP-N-TS cells
The optimal doses of neurotrophins for induction of tyrosine phosphorylation of panTRK and TRK-B were determined by the phosphotyrosine immunoprecipitation method. The concentrations of exogenous BDNF of 50, 100 and 200 ng/ml were used, and the maximal tyrosine phosphorylation of panTRK and TRK-B was induced by 100 ng/ml of BDNF and maintained by 200 ng/ml (Fig.  2) . Similar experiments indicated that the optimal doses of NGF and NT-4/5 were 100 ng/ml (data not shown). Therefore, for further experiments the doses of 100 ng/ml of neurotrophins were chosen. Time course of tyrosine phosphorylation of panTRK and TRK-B proteins in MP-N-TS cells The time courses of tyrosine phosphorylation of panTRK and TRK-B were determined by the phosphotyrosine immunoprecipitation method. Exogenous NGF induced high levels of tyrosine phosphorylation of panTRK after 10 min of treatment, although nonspecific higher-molecular-sized bands were observed (Fig. 3) . Exogenous BDNF induced high levels of tyrosine phosphorylation of panTRK and fulllength TRK-B (145 kD) after 5 min of treatment, although nonspecific higher-molecular-sized bands were observed as well (Fig. 3) . However, it did not induce tyrosine phosphorylation of truncated TRK-B (95 kD) (data not shown). Similar time courses for the tyrosine phosphorylation of panTRK and TRK-B proteins were obtained by treating the cells with NT-4/5 (data not shown). Therefore, as an optimal incubation time for neurotrophins, 10 min was chosen for tyrosine phosphorylation of panTRK, TRK-B and other cellular signaling proteins.
Effect of tyrosine kinase inhibitor K252a on signaling proteins in MP-N-TS cells
The neurotrophin treatments increased the tyrosine phosphorylation of panTRK, TRK-B, Shc, ERK-1, ERK-2 and PLC-γ1, while the tyrosine kinase inhibitor, K252a inhibited these neurotrophininduced changes. The tyrosine phosphorylation of PI3-K was not changed by any of the neurotrophins with or without K252a. Also, low levels of tyrosine phosphorylation of Shc, ERK-1, ERK-2, PLC-γ1 and PI3-K were consistently observed in untreated MP-N-TS cells (Fig. 4) .
Induction of GTP-bound form of Ras by neurotrophins MP-N-TS cells were incubated without FCS for 2 h and then stimulated with BDNF (100 ng/ml) for 5 to 60 min.
The amount of total Ras (21 kD), determined by immunoblotting from total cell lysates with anti-Ras antibody, was not changed by BDNF treatment for 60 min (Fig. 5,  upper) . On the other hand, BDNF treatment for 10 min led to the GTP-bound form of Ras (21 kD) (Fig. 5, lower) . We then examined the effect of neurotrophins (100 ng/ml) on the GTP-bound form of Ras. The amount of total Ras was not changed by 10 min treatment with NGF, BDNF or NT-4/5 (Fig. 6, upper) . However, low levels of the GTPbound form of Ras were detected after the NGF treatment, and high levels of GTP-bound form of Ras were detected after BDNF and NT-4/5 treatments (Fig. 6, lower) . As a positive control for Ras, we used recombinant v-Ha-Ras protein (Figs. 5 and 6, left lanes), which was produced in E. coli. This Ras protein has an extra amino acid sequence at its amino-terminus, resulting in an apparent molecular mass of 25 kD.
18)
Effect of neurotrophins on TRK-A, TRK-B and c-fos mRNA expressions MP-N-TS cells were treated with neurotrophins (100 ng/ml) for 10 min. The expressions of TRK-A and TRK-B mRNA were not changed. However, the expression of c-fos mRNA, an immediate-early gene, was faintly induced by NGF, and clearly induced by BDNF and NT-4/5 (Fig. 7) .
Induction of morphological differentiation by neurotrophins in MP-N-TS cells
In the absence of neurotrophins, MP-N-TS cells spontaneously extended short neurites and 10% of cells appeared differentiated after culture for 7 days (Fig. 8A ). In the presence of exogenous NGF (100 ng/ml), a weak enhancement of neurite outgrowth was observed and 32% of cells appeared differentiated (Fig. 8B) . However, the addition of exogenous BDNF (100 ng/ml) and NT-4/5 (100 ng/ml) clearly enhanced neurite outgrowth and 73% and 75% of cells were differentiated, respectively (Fig. 8, C and D) .
Effects of neurotrophins on cell viability
The effect of treatment with neurotrophins (100 ng/ml) for 4 days on the viability of MP-N-TS cells was studied. Five separate experiments were performed, and the results of each experiment were similar. The results of one of those experiments are shown in Fig. 9 . NGF had no significant effect on cell viability as compared with the control culture, whereas BDNF and NT-4/5 significantly increased the cell numbers during the 4-day culture period (151% and 157% enhancements at 20×10 3 cells/well, respectively) (Student's t test; P<0.01).
DISCUSSION
There is accumulating evidence that tyrosine protein kinase receptors of the TRK family (TRK-A, TRK-B and TRK-C) serve as signaling receptors for the neurotrophins (NGF, BDNF, NT-3 and NT-4/5). TRK-A is the signaling receptor for NGF, TRK-B is the signaling receptor for BDNF and NT-4/5, and TRK-C is the primary receptor of NT-3. However, TRK-A and TRK-B can be activated in part by NT-3, at least in fibroblasts or neuronal cells. [19] [20] [21] [22] [23] Among these TRK family receptors, the relationship between signal transduction of NGF and TRK-A has been extensively studied with the PC12 rat pheochromocytoma cell line. 22, 24) In addition, the signal transduction of neurotrophins has been investigated in constitutive TRK receptors of cultured primary neurons 25, 26) and in TRKtransfected neuronal or fibroblast cells. 19, 22) However, few studies on the signal transduction of neurotrophins in human NB cell lines have been undertaken, since the dual expression of TRK-A and TRK-B genes in a single NB cell line is rare. 5, 27) Several studies have demonstrated that a high expression of TRK-A in NB tumors is correlated with good prognosis, whereas negative and low expressions of TRK-A in NB tumors have been correlated with poor prognosis.
1-4) However, we recently analyzed the expression of TRK-A in our panel of 18 NB cell lines, which were derived from patients with poor prognosis. The TRK- A gene was expressed in seven (39%) of these NB cell lines as detected by northern blotting, and in 11 (61%) of them by RT-PCR, indicating that many NB cell lines express TRK-A. 28) These results prompted us to examine whether signal transduction through TRK-A in NB cell lines is functional.
Expression of the TRK-B gene in NB tumors has been reported to be associated with a poor prognosis. 5, 6) However, only one of the 11 NB cell lines examined, SMS-KCN, was found to constitutively express the TRK-B gene. 5, 6) Therefore, to clarify signal transduction through TRK-B in NB cells, TRK-B-transfected NB cell lines, 27, 29) or retinoid-treated NB cell lines have been utilized to induce TRK-B expression. [29] [30] [31] [32] [33] However, the transfected-TRK-B gene does not necessarily function in the same way as the constitutive TRK-B gene, since the signal transduction pathway downstream of the TRK-B receptor might be blocked. Therefore, an NB cell line that expresses both TRK-A and TRK-B genes would be valuable for clarifying the signal transduction pathways of neurotrophins in NB cells. In the present study, first, the expressions of TRK-A and TRK-B were analyzed by northern blotting in our panel of 14 NB cell lines. Three NB cell lines (SMS-KCN, KP-N-SIFA and MP-N-TS) were found to express both the TRK-A and TRK-B genes, and of these three cell lines, the MP-N-TS cell line was used in this study, because it showed the highest TRK-B expression (Fig. 1) .
The initial step of signal transduction by neurotrophins was the tyrosine phosphorylation of TRK family receptors, followed by the activation of cellular signal proteins. The proteins that signal through TRK family receptors have been extensively studied in PC12 cells and primary neuronal cells. These studies demonstrated that Shc, activation of Ras, MAP kinase including ERK-1 and ERK-2, PLC-γ1 and PI3-K play major roles in signal transduction. 21, 22) In NB cells, the regulation of TRK-A and TRK-B receptors themselves by retinoic acid and/or γ-interferon has been analyzed, 22, 31, 33, 34) though the signal transduction pathway downstream of TRK family receptors has not been well-characterized. Only one study on the signal transduction pathway downstream of TRK-A and TRK-B receptors in NB cells has been reported. 5) In MP-N-TS cells, examination of the effects of the three neurotrophins on tyrosine phosphorylation of pan-TRK and/or full-length TRK-B showed that the optimal incubation time with neurotrophins is 10 min (Fig. 2) and the optimal dose of neurotrophins is 100 ng/ml (Fig. 3) . NGF induced the tyrosine phosphorylation of panTRK, but not that of TRK-B receptor proteins, and the NGFinduced tyrosine phosphorylation of panTRK protein was diminished by K252a, an inhibitor of TRK kinase. With regard to the signal receptor for NGF, three anti-TRK-A antibodies used in our preliminary study, which were obtained from different sources, did not specifically recognize TRK-A (data not shown). However, the signal receptor for NGF is known to be TRK-A alone, 21) so in our study, the signal transduction of NGF must be mediated through the tyrosine phosphorylation of TRK-A receptor. In contrast, BDNF and NT-4/5 induced the tyrosine phosphorylation of panTRK and full-length TRK-B receptor proteins, and this tyrosine phosphorylation of the receptor proteins was diminished by K252a, indicating that the signal transductions of BDNF and NT-4/5 are mediated through TRK-B receptor (Fig. 4) .
The increased tyrosine phosphorylation of cellular signal proteins with neurotrophins and the blocking effect of K252a revealed that the signal transductions downstream of the three neurotrophins include both MAP kinase cascades through Shc, ERK-1 and ERK-2, and the signaling pathway through PLC-γ1. However, the signaling pathway through PI3-K is not likely to work in MP-N-TS cells. Low levels of tyrosine phosphorylation of Shc, ERK-1, ERK-2, PLC-γ1 and PI3-K were observed in untreated MP-N-TS cells (Fig. 4) . One explanation for the native phosphorylation of these signal proteins is that BDNF but not NGF, detected in MP-N-TS cells by RT-PCR (data not shown), may act on MP-N-TS cells in an autocrine manner, or alternatively, the starvation period for 2 h before neurotrophin treatment may not be enough to eliminate the native phosphorylation.
The appearance of the GTP-bound form of Ras in the presence of the three neurotrophins demonstrated that the activation of Ras is one of the major pathways of action of neurotrophins in MP-N-TS cells (Figs. 5 and 6 ). This signal cascade is similar to the TRK-A signal transduc-tion pathway of NGF in PC12 rat pheochromocytoma cells. 10, 22) The expressions of TRK-A and TRK-B mRNA were not modulated by treatment with any of the neurotrophins. However, the expression of c-fos, one of the immediateearly genes, was induced weakly by NGF, but distinctly by BDNF and NT-4/5, indicating that the signals of neurotrophins are finally transduced to the nucleus in MP-N-TS cells (Fig. 7) .
A morphological differentiation in terms of neurite outgrowth was induced by the three neurotrophins (Fig. 8) . Exogenous BDNF and NT-4/5 increased the numbers of viable cells, while NGF had no significant effect on cell numbers (Fig. 9) . To clarify how BDNF and NT-4/5 increased the numbers of viable cells, cell cycle analysis was conducted and the phosphorylation state of retinoblastoma protein 35) was determined at various stages of the cell cycle. However, no effect of BDNF and NT-4/5 was found (data not shown). Therefore, the increase in the number of viable cells by BDNF and NT-4/5 is probably caused by increased cell survival rather than by cell proliferation.
The association of aggressive tumor phenotype, high metastatic ability and chemoresistant phenotypes with TRK-B expression in NB cells has been reported. 5, 6, 29, 32, 33) There may be a relationship between the autocrine production system of BDNF and the signal pathway through TRK-B in NB cells, and this relationship may be partly responsible for the aggressive characteristics of NB cells.
An NB cell line expressing constitutive TRK-A and TRK-B receptors is rare. Our results demonstrate that the signal transduction pathways through TRK-A and TRK-B receptors in MP-N-TS cells are functional and similar. However, BDNF and NT-4/5 increased cell viability, whereas NGF did not. This MP-N-TS cell line could be useful for clarifying the diverse TRK family receptormediated signaling pathways, including those leading to neuronal differentiation, proliferation, survival, apoptosis and drug resistance in NB cells.
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